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Lithium  ion  batteries  are  under  intense  development  to  meet  the  performance  specifications  for  con¬ 
sumer  applications  in  portable  electronic  devices,  electric  vehicle  batteries  and  stationary  storage  as 
back-up  for  intermittent  renewable  energy  generation  technologies.  The  most  expensive  and  capacity- 
limiting  component  in  these  battery  systems  is  the  cathode  material.  Research  has  been  directed  to 
the  development  of  novel  cathode  materials  with  high  capacity  and  energy  density  and  the  lithium 
transition  metal  orthosilicates  have  been  identified  as  possible  high  performance  cathodes.  In  this  review 
we  focus  on  recent  developments  in  the  study  of  Li2MnSi04  and  its  derivatives  as  a  lithium-ion  battery 
cathode  material.  Preparation  techniques,  structural  issues,  conductivity  enhancement  and  complex 
morphologies  are  discussed,  to  show  the  recent  improvements  and  limitations  in  synthesis  and  elec¬ 
trochemical  performance. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Sony  released  the  first  commercial  lithium-ion  battery  in  1990 
containing  a  carbon  anode  and  a  lithium  cobalt  oxide  (LiCoCh) 
cathode  [1].  Since  then  research  has  been  conducted  to  modify  the 
cell  components  to  improve  both  safety  and  electrochemical  ca¬ 
pacity,  and  to  reduce  cost.  Much  of  the  attention  has  focussed  on 
the  development  of  alternative  cathode  technologies,  as  the  cath¬ 
ode  capacity  typically  limits  the  cell  capacity,  and  up  to  40%  of  the 
cell  cost  is  derived  from  the  cost  of  cathode  raw  materials  [2  .  Due 
to  market  acceptance,  lithium-ion  batteries  now  dominate  the 
portable  electronics  market.  Concern  for  environmental  protection, 
requiring  reduction  of  green-house  gas  emissions,  has  led  to  new 
market  opportunities  for  lithium-ion  batteries.  Large-scale  appli¬ 
cations,  for  instance,  in  electric  vehicles  to  replace  internal 
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combustion  engines,  and  as  stand-by  storage  for  intermittent 
renewable  energy  technologies  like  solar  and  wind  power,  have 
become  the  focus  of  lithium-ion  battery  developers.  These  appli¬ 
cations  place  even  more  stringent  performance  requirements  on 
batteries,  and  demand  constant  innovation  in  electrode  materials 
[3,4]. 

The  continuous  development  of  Li-ion  battery  cathodes  since 
the  1990’s  has  been  driven  by  the  need  to  1)  maintain  a  high 
discharge  voltage  to  maximize  the  energy  density,  2)  extend  the 
useful  range  of  lithium  insertion  and  extraction  to  maximize  ca¬ 
pacity,  and  3)  improve  safety  by  reducing  the  reactivity  of  cathodes 
in  the  charged  state,  while  striving  to  use  non-toxic  and  cheap 
materials  to  minimize  environmental  impact  and  cost.  The  draw¬ 
back  of  lithium  transition  metal  oxide  cathodes,  such  as  LiCo02,  in 
lithium  ion  batteries  is  two-fold;  firstly,  the  range  of  reversible 
lithium  extraction  and  insertion  is  limited  by  safety  and  stability 
issues,  leading  to  only  moderate  practical  capacities  [5]  and  sec¬ 
ondly,  the  oxides  are  highly  reactive  and  prone  to  O2  release  and 
potential  thermal  events  when  overcharged  [6].  Considerable  im¬ 
provements  in  performance  and  safety  have  been  achieved  by 
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using  mixed  transition-metal  oxides  e.g.  Co,  Ni  and  Mn  in  the  1:1:1 
atomic  ratio  to  replace  Co  in  LiCo02,  but  practical  capacities  re¬ 
mains  limited  to  approximately  190  mAh  g-1  [7,8]. 

Polyanionic  compounds  such  as  phosphates  and  silicates  were 
proposed  in  2002  as  possible  alternatives  to  lithium  transition 
metal  oxide  cathodes  [9].  This  focus  was  motivated  by  the  potential 
increased  safety  of  these  compounds  compared  to  oxides,  and  the 
possibility  of  using  cheaper,  non-toxic  metals  such  as  Fe  to  replace 
Co  and  Ni.  In  the  polyanionic  units,  the  oxygen  atoms  are  bound  by 
strong,  covalent  bonds,  reducing  the  risk  of  oxygen  release  in  the 
charged  state,  and  thus  resulting  in  improved  safety  characteristics 
[10].  Polyanionic  compounds  also  offer  the  advantage  that  the 
electrochemical  properties  can  be  adjusted  by  altering  the  nature  of 
the  X  atom  in  the  XO4  polyanions  [11]. 

LiFeP04  is  the  most  commercially  successful  polyanionic  cath¬ 
ode  material  and  was  initially  developed  by  Padhi  and  Goodenough 
in  the  1990’s  [10,12].  LiFeP04  has  excellent  rechargeability  and 
safety  characteristics  and  is  made  from  cheap,  non-toxic  pre¬ 
cursors.  LiFeP04  discharges  through  the  Fe2+^3+  redox  couple  on  a 
flat  voltage  plateau  at  ~  3.4  V  with  95%  of  the  theoretical  capacity  of 
170  mAh  g-1  [13].  The  gravimetric  energy  density  of  LiFePCU 
(560  Wh  kg-1)  is  higher  than  that  of  UC0O2  (500  Wh  kg-1)  but,  due 
to  the  lower  specific  density  of  the  material,  the  volumetric  energy 
density  is  lower  for  LiFePCU  (2000  Wh  l-1)  compared  to  LiCo02 
(2600  Wh  1_1)  [13].  The  drawback  of  the  material  is  its  poor 
intrinsic  electronic  conductivity,  resulting  in  poor  high  current  rate 
performance  [14].  This  limitation  has  been  overcome  by  coating 
nanoparticles  of  active  material  with  electrically  conductive  layers, 
for  example  carbon  15,16].  Excellent  high  rate  performance  of 
LiFeP04  has  also  been  reported  by  coating  with  amorphous  U4P2O7 
-  like  phases  with  enhanced  ionic  conductivity  [17]. 

The  lithium  transition  metal  orthosilicates  (L^MSiC^,  where  M 
is  a  transition  metal,  for  example,  Fe,  Co  or  Mn)  were  proposed  as 
possible  lithium-ion  battery  cathodes  at  the  same  time  as  the 
lithium  transition  metal  phosphates  [9].  In  the  orthosilicates,  the 
lithium  and  transition  metal  cations  are  situated  in  tetrahedral  sites 
in  a  distorted  hexagonal-close-packed  oxygen  array.  A  detailed 
general  review  of  the  silicate  family  of  cathode  materials  was 
published  by  Islam  et  al.  in  2010  18].  L^MnSiCU  is  the  material  in 
this  family  that  offers  the  greatest  promise  to  deliver  high  capacity, 


high  energy  density  cathode  materials.  In  this  review  we  focus  on 
Li2MnSi04  and  its  derivatives  with  particular  emphasis  on  the 
recent,  advances  that  have  been  reported  in  the  practical  perfor¬ 
mance  of  these  materials. 

2.  Lithium  manganese  orthosilicate  (L^MnSiC^) 

Li2MnSi04  first  attracted  the  attention  of  cathode  developers 
when  it  was  suggested  that  both  lithium  ions  in  each  formula  unit 
could  potentially  be  extracted  at  moderate  voltages,  resulting  in  a 
high  theoretical  capacity  of  333  mAh  g-1  [19,20].  This  process 
potentially  utilizes  both  the  Mn2+^3+  and  Mn3+^4+  electrochemical 
couples  for  the  extraction  of  the  1st  and  2nd  lithium  ions  respec¬ 
tively.  Although  this  is  also  theoretically  possible  for  the  Fe  and  Co 
analogues,  in  the  case  of  Fe  and  Co,  the  Fe3+^4+  and  Co3+^4+  couples 
are  predicted  to  be  outside  the  voltage  stability  window  of  common 
electrolytes  [11].  The  Ni  analogue  has  not  been  synthesized 
experimentally  but  theory  predicts  prohibitively  high  voltages  for 
lithium  extraction  from  L^NiSiC^. 

2.1.  Polymorphism  and  structural  considerations 

The  transition  metal  orthosilicates  are  well-known  to  exhibit  a 
wide  variety  of  structural  forms  and  L^MnSiC^  is  no  exception.  All 
four  known  ambient  temperature  polymorphs  have  Li,  Mn  and  Si 
cations  in  tetrahedral  co-ordination  in  a  distorted  hexagonally 
close-packed  oxygen  array  and  differ  only  in  the  arrangement  of  the 
tetrahedra.  The  structures  can  all  be  related  to  either  the  a  or  (3- 
Li3P04  structures  [21].  The  orthorhombic  forms  (Pmn2i  and  Pmnb ) 
have  two-dimensional  pathways  for  Li-ion  diffusion  while  the 
monoclinic  forms  (P2i/n  and  Pn)  are  framework  structures  with  Li- 
ion  positions  interconnected  in  three  dimensions  (Fig.  1).  Other 
framework  structures,  such  as  the  spinel  structure  of  Li4Ti50i2  are 
dimensionally  stable  when  Li  is  inserted  and  extracted,  which 
permits  excellent  reversibility,  and  makes  it  possible  to  utilize  most 
of  the  theoretical  capacity  in  practice  [22].  Two-dimensional, 
layered  structures  such  as  the  lithium  transition  metal  oxides, 
however,  tend  to  be  destabilized  when  lithium  is  fully  extracted 
and  large  dimensional  changes  result,  leading  to  a  limited  range  of 
lithium  extraction  in  application  and  a  reduction  in  the  practical 
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Fig.  1.  Crystal  structures  of  the  four  known  ambient  pressure  polymorphs  of  Li2MnSi04  (a)  Pmn2\  [19],  (b)  Pmnb  [28],  (c)  P2i/n  [29]  and  (d)  Pn  [32].  Li  tetrahedra  are  shown  in  green, 
Mn  tetrahedra  in  purple  and  Si  tetrahedra  in  blue,  red  spheres  represent  oxygen  atoms.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to 
the  web  version  of  this  article.) 
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capacity.  It  is  clear,  therefore,  that  various  structural  forms  of 
Li2MnSi04  will  potentially  have  different  electrochemical  perfor¬ 
mance  due  to  the  variety  of  the  pathways  for  lithium-ion  diffusion 
through  the  crystal  lattice  [18]  and  the  different  interconnections  of 
the  Mn  and  Si  tetrahedra.  In  the  analogous  case  of  L^FeSiC^,  clear 
differences  in  electrochemical  properties  have  been  demonstrated 
for  three  different  structural  forms  prepared  under  different  con¬ 
ditions  [23]. 

The  Pmn2\  structural  form  of  L^MnSiCU,  first  reported  by 
Dominko  et  al.  [19],  has  a  distorted  orthorhombic  crystal  structure 
analogous  to  the  Li2FeSi04  structure  reported  by  Nyten  [24,25]. 
Synthesized  products  typically  contain  minor  impurity  phases  of 
MnO  and  L^SiC^.  Initial  Rietveld  refinement  of  this  structure 
showed  that  it  has  a  high  degree  of  disorder  which  includes  both 
partial  exchange  of  Li  and  Mn  cations  as  well  as  partial  migration  of 
the  Li,  Mn  and  Si  atoms  into  vicinal  tetrahedral  sites  across  the  basal 
plane  of  the  tetrahedra  in  the  hexagonally  close  packed  oxygen 
lattice  [19].  This  disorder  is  expected  to  be  a  disadvantage  for  Li-ion 
migration,  as  Mn  ions  in  Li  sites  would  block  Li-ion  diffusion 
pathways.  More  recent  Rietveld  refinement  of  high-quality  single 
crystal  XRD  data  for  this  polymorph,  produced  by  hydrothermal 
synthesis,  has  shown  that  it  gives  a  perfectly  site-ordered  structure 
for  both  Li  and  Mn  [26].  An  idealized  crystal  structure  diagram  of 
this  polymorph  of  L^MnSiCU  is  shown  in  Fig.  1(a). 

A  second  orthorhombic  form  with  Pmnb  symmetry  was  found, 
by  theoretical  calculations,  to  have  very  similar  thermodynamic 
stability  to  the  Pmn2\  form,  making  it  difficult  to  prepare  in  phase- 
pure  form  [27].  Recently,  however,  phase-pure  Pmnb  form  Li2Mn- 
Si04  has  been  prepared  [28].  Rietveld  refinement  showed  that  this 
form  showed  no  Li/Mn  site/anti-site  disorder  potentially  leading  to 
good  Li-ion  diffusion  properties. 

The  high  temperature  form  of  Li2MnSi04  with  monoclinic  P2i/n 
symmetry  was  first  prepared  by  Politaev  et  al.  at  1150  °C  [29]. 
Subsequently  other  synthesis  routes  to  this  structural  form  were 
reported  by  Arroyo-de  Dompablo  et  al.  (sol-gel  synthesis)  [27]  and 
Mali  et  al.  (hydrothermal  synthesis)  [30].  Gummow  et  al.  demon¬ 
strated  that  the  P2i/n  polymorph  could  be  stabilized  by  the  partial 
substitution  of  Mn  by  Mg  enabling  synthesis  of  this  form  at  tem¬ 
peratures  of  700  °C  [31  ].  Recently  a  novel  fourth  structural  form  of 
Li2MnSi04,  with  monoclinic  Pn  symmetry,  was  prepared  by  ion- 
exchange  from  Na2MnSi04  [32].  This  polymorph  was,  however, 
unstable  at  elevated  temperature  and  transformed  to  the  ortho¬ 
rhombic  Pmn2\  form  at  300  °C.  Table  1  gives  the  space  group  and 
lattice  constants  for  the  known,  ambient  pressure,  polymorphs  of 
Li2MnSi04  reported  in  the  literature  to  date.  Simulated  reference 
XRD  patterns  (Cu  I< a  radiation)  for  the  three  polymorphs  of 
Li2MnSi04  that  can  be  synthesized  directly  are  given  in  Fig.  2.  The 
XRD  pattern  of  the  Pn  form  was  not  included  as  the  sample  reported 
in  Ref.  [32]  had  a  complex  bimodal  particle  size  distribution. 

2.2.  Electronic  conductivity 

The  drawback  of  the  lithium  transition  metal  orthosilicate 
cathodes  is  their  very  low  electronic  conductivity  since  the  MO4 
tetrahedra  (where  M  =  Fe,  Mn  or  Co)  are  surrounded  by  insulating 
XO4  tetrahedra  (where  X  =  Si  in  the  case  of  the  silicates)  [27  .  This 
feature  is  common  to  all  polyanionic  compounds  including  LiFePCU, 
but  the  intrinsic  conductivities  of  the  silicates  are  significantly 
lower  than  the  intrinsic  conductivity  of  LiFeP04  [33].  The  electronic 
conductivities  of  Li2FeSi04  and  Li2MnSi04  are  of  the  order  of  10-14 
and  10-16  S  cm  1  at  room  temperature  [33,34],  respectively.  They 
both  increase  by  two  orders  of  magnitude  at  60  °C.  No  significant 
difference  in  electronic  conductivity  of  Li2MnSi04  is  anticipated  for 
different  structural  forms,  since  isolated  Mn04  tetrahedra  are  pre¬ 
sent  in  all  forms,  and  this  is  confirmed  by  the  finding  that  calculated 


Table  1 

The  space  group  and  lattice  constants  of  the  known  ambient  pressure  polymorphs  of 
Li2MnSi04  cathodes. 


Space  group 

a  (A) 

b  (A) 

c(  A) 

0(°) 

Pmn2\  [19] 

6.3109(9) 

5.3800(9) 

4.9662(8) 

/ 

Pmn2\  [30] 

6.2762(9) 

5.3355(8) 

4.9614(9) 

/ 

Pmnb  [30] 

6.3148(1) 

10.7742(5) 

5.0138(2) 

/ 

Pmnb  [27] 

6.30814(13) 

10.75946(22) 

5.00909(10) 

/ 

Pmnb  [28] 

6.30694(3) 

10.75355(4) 

5.00863(2) 

/ 

P2,ln  [29] 

6.3368(1) 

10.9146(2) 

5.0730(1) 

90.990 

P2\/n  [31] 

6.3435(4) 

10.9208(7) 

5.0818(5) 

90.982(2) 

Pn  [32] 

6.3368(1) 

10.9146(2) 

5.0730(1) 

90.987(1) 

band  gaps  are  very  similar  for  different  polymorphs  [27].  Electronic 
conductivity  can  be  enhanced  by  coating  nanoparticles  of  active 
material  with  conductive  layers,  typically  carbon.  This  strategy  has 
been  applied  very  successfully  to  LiFePCU  and  has  also  been  used  for 
Li2MnSi04  (see  Section  3). 

2.3.  Ionic  conductivity 

Although  the  electronic  properties  of  the  different  polymorphs 
of  Li2MnSi04  are  similar,  the  ionic  conduction  properties  are  ex¬ 
pected  to  be  significantly  different  due  to  the  differences  in  the 
interconnection  of  lithium  sites  in  different  structural  forms. 
Kuganathan  et  al.  [35]  calculated  Li-ion  diffusion  pathways  for  the 
orthorhombic  Pmn2\  and  monoclinic  P2i/n  forms  of  Li2MnSi04  and 
found  that  the  barriers  to  Li-ion  diffusion  were  lower  in  the  P2i/n 
form.  Kuganathan  et  al.  also  demonstrated  the  curved,  anisotropic 
pathways  for  lithium  ion  diffusion  in  Li2MnSi04  polymorphs.  Cal¬ 
culations  by  Fisher  et  al.  [36]  for  all  four  ambient  pressure  poly¬ 
morphs  ofLi2MnSi04  confirm  that  all  are  poor  conductors  of  Li-ions 
with  strong  anisotropy  in  conduction.  Poor  ionic  conductivity  is 
likely  to  limit  high  rate  performance  of  Li2MnSi04  cathodes. 

3.  Synthesis  techniques  and  electrochemical  performance 

In  this  section  the  published  studies  of  Li2MnSi04  cathodes  are 
reviewed.  Table  2  gives  a  summary  of  the  synthesis  conditions, 
particle  size,  and  carbon  content  and  emphasizes  the  crystallo¬ 
graphic  structural  forms  of  the  Li2MnSi04  samples  reported  in  the 
literature.  The  phase  purity  and  the  degree  to  which  the  structure 
has  been  investigated  are  also  highlighted  to  indicate  areas  where 


Two  theta  (degrees ) 


Fig.  2.  Simulated  XRD  patterns  (Cu  Ka  radiation)  for  the  three  polymorphs  of 
Li2MnSi04  that  can  be  prepared  directly.  Crystallographic  data  for  the  simulations  were 
taken  from  Refs,  (a)  [19],  (b)  [28]  and  (c)  [29]. 


Table  2 

Various  synthesis  techniques  applied  to  Li2MnSi04. 

OJ 

00 

Ref.  Method  Comment  on  method 

Precursors 

Calcination  conditions 

Primary  particle  size  (nm)  Carbon  content  Form  and  impurities 
(wt%) 

Dominko  et  al.  [19] 

Sol-gel 

Produces  small,  uniform 

Li(CH3COO)  •  2H20,  Mn(CH3COO)2  •  4H20, 

700  °C  in  Ar/5%H2, 

70 

Not  specified 

Pmn2\  +  MnO  (5.13%) 

Pechini 

particles.  Cost-saving  and 

nano-Si02,  citric  acid  and  EG.  Si: citric 

1-96  h 

+  Li2Si03  (0.46%) 

synthesis 

time-effective.  Carbon¬ 

acid:EG(6:l:3),  stir  1  h  maintain  overnight, 

coating  easily  incorporated. 
Good  control  of 
stoichiometry  and  low 
content  of  impurities. 

dry  60  °C  24  h 

Dominko  et  al.  [20] 

As  in  [19]  but  increased  amount  of 

700  °C  in  high  purity 

20-50 

5  (TGA) 

Not  specified  but  XRD 

complexation  agent,  amount  not 
specified. 

Ar  for  at  least  1  h. 

indicates  Pmn2i+  MnO 

Dominko  et  al.  [32] 

As  above  but  ratio  of  citric  acid: EG: Si 

Temp  not  specified,  Ar 

20-50 

5 

Not  specified 

was  2:1:1 

atmosphere 

Not  given 

Not  given 

Modified  Pechini:  used  LiN03  as  Li-source 

Temp  not  specified, 

and  ratio  of  citric  acid:EG:Si02  was  2:1:4 

Ar/5%  H2 

Deng  et  al.  [37] 

Citric  acid 

Particles  are  significantly 

Li(CH3COO)  •  2H20,  Mn(CH3COO)2  •  4H20, 

700  °C  12  h  flowing  Ar 

200 

10.5  (elemental 

Pmn2\ 

sol— gel 

larger  than  those  from 

citric  acid  and  TEOS(ethanol  solution). 

analysis) 

No  MnO  detected 

Pechini  synthesis. 

Reflux  at  80  °C,  14  h.  Heat  to  75  °C  to 
evaporate  solvent,  dry  100  °C 
overnight. 

in  XRD 

Belharouak  et  al.  [38] 

Sol— gel 

Particles  are  significantly 

Li(CH3COO)  •  2H20,  Mn(CH3COO)2.4  •  H20, 

600,  700  and  800  °C 

200-300  as  prepared 

7 

Pmn2\  at  700  C  with 

larger  than  those  from 

Si(CH3COO)4  in  acetic  acid  +  cellulose  as 

for  24  h  under  He/H2 

minor  Mni2Si03 

Pechini  synthesis. 

carbon  source 

(3.5%) 

Liu  et  al.  [55] 

Polyol 

Fine  particles  achieved 

Li,  Mn  and  Si  acetates  reflux  in  EG  for 

600  °C  10  h,  inert 

30 

12.5  (elemental 

Pmn2 !  —  no  impurities 

with  excellent  phase 

16  h  at  196  °C,  dry  150  °C,  mill  with 

atmosphere  (not 

analysis) 

detected 

purity. 

sucrose 

specified) 

Duncan  et  al.  [31] 

Sol— gel  and 

Complex  synthesis 

Synthesis  of  Na2MnSi04  from  sodium 

Calcined  500  C,  12  h, 

>50  needle-like  particles 

Pn  form  first  report. 

ion  exchange 

pathway.  Difficult  to 

acetate,  Mn  acetate  TEOS  and  acetic  acid, 

flowing  Ar  5  wt%  H2. 

and  <10  spherical 

Transforms  to  Pmn2\ 

incorporate  carbon 

heated  to  65  °C  to  dryness.  Sucrose  added 

Ion-exchanged  with  LiBr. 

particles 

at  300  C. 

coating  in  the  Pn 
form  due  to  instability 
of  the  phase  at  high 
temperature. 

to  form  carbon  coat. 

Li  et  al.  [36] 

Solution  Route 

Produces  good  quality 

Li(CH3COO)  •  2H20,  Mn(CH3COO)2  •  2H20 

Pellets  heated  to  600  °C 

20-30 

9.1 

Pmn2\ 

single-phase  material. 

and  Si(OC2H5)4  in  a  water— ethanol  system. 

for  10  h  in  a  flow  of  N2. 

Small  particles. 

Stirred  at  80  °C  for  24  h  under  reflux, 
dried  at  120  °C.  Milled  with  sucrose  in 

acetone 

Aravindan  et  al.  [42] 

Solid  State 

Very  simple  technique 

LiOH  •  H20,  Si02  and  MnC03,  20  mol% 

900  °C  in  Ar 

>500 

Assigned  to  Pmn2\ 

synthesis 

but  the  products  require 

adipic  acid 

but  some 

high  temperature  calcination 
and  the  particle  size  is  large. 
Good  control  of  stoichiometry. 
Extensive  milling  is  needed  to 
produce  electrochemically 
active  materials. 

unidentified  peaks 

Gummow  et  al.  [27] 

LiOH  •  H20,  Si02  and  MnCOs,  20  mol% 

900  °C  in  Ar 

>500 

Pmnb  single  phase, 

adipic  acid 

<1%  MnO 

Kojima  et  al.  [47] 

Molten 

Low  synthesis  temperatures 

MnC204-2H20  or  Mn(OH)2  with  Li2Si03 

C02/H2  100:3  v/v  at 

Oxalate:  200-600  flakes 

40 

Pmn2\ 

carbonate 

possible.  Good  control  of 

and  (Li0.435  Nao.3isKo.25)2C03 

500-650  °C 

Hydroxide:  100-300 

Single  phase 

flux 

stoichiometry.  Particle 

Added  AB  in  ratio  active:AB  5:4 

C02/H2  100:3  v/v  at 

needles 

size  >100  nm. 

700  °C,  2  h 

Mali  et  al.  [29] 

Hydrothermal 

Requires  the  use  of  an 

MnCl2  H20  +  Si02  +  LiOH  •  H20,  Teflon-lined 

400  °C  in  Ar 

No  carbon 

Pmn2\  +  Li2Si03 

autoclave  for  synthesis. 

SS  autoclave,  10  bar  Ar  pressure,  6  h  at 

900  °C,  3  h,  slow  cooling 

Pmnb  +  Li2Si03 

Reduced  synthesis 

180  °C,  wash  with  LiOH  solution,  dry 

in  Ar  1  C/ min 

+  Mn2Si04 

temperatures 

100  °C  in  Ar 

P2i/n  +  Mn2Si04 
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Manthiram  et  al.  [44] 


Aravindan  et  al.  [46] 


Kuezma  et  al.  [45] 


Kempaiah  et  al.  [48] 


Rangappa  et  al.  [50] 


Devaraju  et  al.  [51] 


are  possible  compared 
to  other  techniques. 

The  use  of  microwave  heating 
reduces  synthesis  time.  Fine 
particles  achieved.  Very  high 
pressure. 


Complex  morphology 


TEOS,  LiOH,  Mn(CH3C00)2-4H20 
dissolved  in  TEG,  placed  in  a 
quartz  vessel,  microwave 
at  600  W  for  25  min  (T=  300  C, 

P  =  30  b),  wash  with  acetone, 

add  30  wt%  sucrose 

LiOHH20  +  Si02  +  MnCl2-4H20  +  EG, 

Teflon  lined  SS  autoclave,  150  °C  for  48  h, 

dried  60  °C  overnight.  Mixed  with 

adipic  acid. 


900  °C,  6  h,  quench  to 

RT  in  Ar 

650  °C  6  h  in  Ar 


700  °C  in  Ar 


LiOH  H20  (in  excess)  +  Mn(CH3COO)2  5  °C  min-1  to 

•  4H20  +  TEOS  +  urea  700  °  C  for  5  h 

Autoclave  at  ambient  pressure,  1000  W,  2  h 
at  260  °C.  Dried  60  °C  overnight.  Added 
GA  +  citric  acid 


Supercrtitcal  conditions  with 
very  high  pressures  requiring 
specialized  equipment.  Very 
short  reaction  time.  Extremely 
small  particles. 

As  above.  Nanosheet 
morphology  achieved. 
Difficulty  in  producing 
phase-pure  material. 


As  above.  The  use  of 
surfactants  results  in 
complex  particle 
morphologies. 


MnCl2  -4H20  +  TEOS  +  LiOH  +  ascorbic  acid 
reducing  agent  in  ethanol+H20  solution. 
Batch  reactors  at  300  °C  and  38  MPa  for 
5  min.  Quenched.  Coated  with  20 
wt%  PEDOT. 

MnCl2-4H20  (0.1  mmol)  and  TEOS  in 
15  ml  ethanol  at  50  °C.  Solutions 
of  LiOH  H20  (0.4  mmol)  and  ascorbic 
acid  (0.1  mol)  in  5  ml  water.  Solutions 
mixed  with  stirring  over  1  h.  5  ml  of 
precursor  solution  in  10  cc3  volume 
stainless  steel  reactor  and  heated  up  to 
350-420  °C  at  a  pressure  of  38  MPa 
for  4—10  min.  Quenched,  dried  in  vac 
at  120  °C  for  12  h.  Milled  with  PEDOT 
(10  wt%)  and 

MWCNT  (5  wt%)  at  300  rpm  for  12  h. 

MnCl2  -4H20  was  dissolved  in  a  mixed 
solution  of  water  and  DEG  with  constant 
stirring, 

followed  by  addition  of  TEOS  and  LiOH. 

The  solution  mixture  and  oleic  acid  or 
oleylamine 

were  transferred  to  high  pressure  batch 
reactors  (10  ml),  heated  at  a  high  pressure 
(38  MPa) 

to  400  °C  for  4  min.  Quenched.  Milled  with 
(PEDOT,  10  wt%)  and  carbon  black  (10  wt%) 

a)  Water  +  DEG  +  oleic  acid  400  C  for  4  min 

b)  400  C  for  4  min  with  increased 
amount  of  oleic  acid. 

c)  1)  15-20  nm  particles 

2)  30-50  nm  particles 

3)  50-70  nm  particles 

4)  70-100  nm  particles 


Heated  to  300  °C 
in  Ar/H2 


300  °C  for  4  h  in  Ar 


Dried  at  450  °C  5  h  in 
reducing  atmosphere. 


20  nm  agglomerated  12%  TGA  Assigned  to  Pr2\ 

but  no  refinement 


Flower-like, 
agglomerates 
of  ~  30  nm  primary 
particles 

Carbon-coated 
particles  are 
densely  packed 
15-100nm 


5-20  nm  (TEM) 
18  nm  (Scherrer) 


As  prepared:  Pmn2\ 
with  Li2Si03  impurity 
Calcined  after  C 
addition:  Pmn2\  with 
minor  MnO. 

LMS-1CA  10.5%  As  prepared:  assigned 

LMS-5CA  31.7%  to  Pmr^ 

Calcined  after  C 
addition:  assigned  to 
P2i/n  but  characteristic 
reflections  absent,  no 
refinement. 

13.3%  TGA  Pmn2\  well-defined, 
no  impurities 


Nanosheets  a  few  atoms  Not  given  Assigned  to  P2i/n 

thick  and  150—300  nm  but  characteristic 

wide  reflections  absent, 

no  refinement. 
Major  unidentified 
impurities. 


a)  Mono-disperse  <5  nm 

b)  200-400  nm  flowers, 
4—5  nm  nano-particles 

c)  Spherical  particles 


a) 

b) 

c) 
2) 

3) 

4) 


18 

24 


1 )  Not  given 
20 

Not  given 
Not  given 


a)  Pmn2\  with  Li2Si03 
no  refinement 

b)  Pmn2\  no 
refinement 

c) l)  Not  given 

2)  Major  MnO 
impurity 

3)  Major  MnO 
impurity 

4)  Major  MnO 
impurity 


( continued  on  next  page) 
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further  structural  studies  are  needed  to  clarify  the  nature  of  the 
electrochemically  active  species.  Table  3  summarizes  the  electro¬ 
chemical  testing  parameters  recorded,  to  enable  direct  comparison 
of  the  performance  of  samples  prepared  and  tested  under  various 
conditions.  Figures  that  show  the  electrochemical  charge/discharge 
profiles  have  been  included  in  the  text  to  illustrate,  not  only  the 
capacities  achieved,  but  also  the  voltage  profiles  and  polarization. 
Practical  application  of  cathode  materials  requires  high  energy 
density  determined  by  both  high  capacity  and  high  voltage  over  the 
discharge  cycle.  In  the  comparison  of  the  electrochemical  perfor¬ 
mance  of  various  Li2MnSi04  samples,  the  capacity  recorded  above 
2.5  V  has  been  quoted  to  illustrate  that,  in  several  cases,  although 
very  high  discharge  capacities  are  reported,  much  of  this  capacity  is 
at  a  low  voltage  resulting  in  cathodes  with  a  low  overall  energy 
density. 

3.1.  Sol-gel  synthesis  and  the  Pmn2\  structural  form 
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In  early  studies,  Dominko  and  co-workers  aimed  to  optimize  the 
performance  of  Li2MnSi04  by  minimizing  the  particle  size  and 
coating  the  particles  with  a  conductive  carbon  layer  [19,20,33], 
following  the  success  of  this  strategy  in  optimizing  the  electro¬ 
chemical  performance  of  LiFePC^.  Dominko  et  al.  [19]  used  a 
modified  Pechini  sol-gel  synthesis  route  to  form  the  Pmn2\ 
orthorhombic  form  of  L^MnSiCU  (94.42  wt.%)  with  minor  impu¬ 
rities  of  MnO  (5.13  wt.%)  and  Li2Si03  (0.46  wt.%).  Primary  particles 
were  approximately  70  nm  in  diameter  with  islands  of  amorphous 
carbon  particles  between  them,  but  no  clearly  defined  nano-layer 
of  carbon  on  the  particle  surface.  When  these  materials  were 
tested  as  cathodes  in  lithium  cells  only  0.6  of  the  Li  ions  in  the 
material  were  utilized  reversibly  on  the  first  cycle  and  the  revers¬ 
ible  capacity  faded  rapidly  to  only  0.3Li  ions  on  the  3rd  cycle  (Fig.  3). 
The  poor  performance  was  attributed  to  both  imperfect  electronic 
wiring  due  to  the  lack  of  a  discrete  carbon  coating,  and  also  to  the 
need  for  electrolytes  stable  well  above  4.5  V  to  allow  full  extraction 
of  Li  on  charge. 

In  a  subsequent  study  by  the  same  authors  [20],  an  increase  in 
the  amount  of  the  complexing  agent  resulted  in  smaller  particles 
(20-50  nm)  with  a  uniformly  distributed  carbon  content  of 
~  5  wt.%.  Electrochemical  evaluation  was  performed  using  cath¬ 
odes  of  active  material  and  an  electrolyte  based  on  LIBOB  salt 
with  an  upper  voltage  cut-off  of  4.2  V  to  minimize  the  risk  of 
electrolyte  decomposition  on  charge.  Room  temperature  cycling 
results  were,  however,  comparable  to  those  of  the  earlier  study 
[19].  To  explore  the  performance  at  elevated  temperature,  cells 
were  cycled  at  60  °C  and  gave  an  initial  lithium  extraction  plateau 
near  4  V  with  a  capacity  corresponding  to  the  extraction  of  1.5Li 
ions  per  formula  unit,  but  this  capacity  was  not  reversible  on 
discharge  or  on  subsequent  cycles.  It  was  stated  that  it  was  not 
clear  if  the  large  capacity  was  due  only  to  lithium  extraction,  or  if 
there  was  some  degree  of  irreversible  electrolyte  interaction  with 
the  active  material  that  contributed  to  the  observed  capacity. 
Even  after  ball-milling  to  improve  the  distribution  of  compo¬ 
nents,  and  the  contact  between  them,  the  improvement  in  ca¬ 
pacity  was  small  and  the  polarization  was  only  reduced  by  about 
20  mV.  All  samples  showed  a  rapid  loss  of  capacity  with  charge- 
discharge  cycling  corresponding  to  a  40  mAh  g-1  loss  after 
10  cycles. 

The  authors  stated  that  despite  adopting  the  same  strategy  of 
particle  size  reduction  and  carbon  coating  used  successfully  to 
activate  LiFePCU,  the  performance  of  Li2MnSi04  cathodes  remained 
surprisingly  poor  and  cells  showed  rapid  capacity  fade  with  cycling. 
In  order  to  understand  this,  ex-situ  XRD  studies  of  partially  charged 
cathode  samples  were  performed.  The  results  showed  no  signifi¬ 
cant  change  in  peak  position  with  changes  in  Li  content,  but  a 
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Table  3 

Summary  of  electrochemical  performance  of  Li2MnSi04. 


Reference 

Method 

Electrode 

Electrolyte 

Voltage 

Current  rates 

Capacity  (mAh  g 

Comments 

formulation 

limits  (V) 

Dominko 

Sol-gel 

Active  material: 

1  M  LiPF6  in 

2-4.5 

C/30 

Dl: 100 

et  al. 

Teflon  binder: 

EC:DEC  1:1 

D5:  50 

[19,20] 

carbon  black 

85:7:8 

Dominko 

Active  material: 

0.8  M  LiBOB  in 

2-4.2 

C/20 

RT:  Dl:  16 

et  al.  [20] 

carbon  :PVDF 

EC:DEC  (1:1  by 

60  °C:  Dl:  100  Li’s 

80:10:10 

volume) 

Dominko 

Active  material  + 

0.8  M  LiBOB  in 

2-4.2 

C/20 

Cl:  232 

Dl: 140 

Large  charge  capacity 

et  al.  [33] 

10%  AB,  no  binder 

EC:DEC  (1:1  by 

2-4.5 

C/20 

Cl: 310 

Dl: 150 

not  recovered  on 

volume) 

2-4.2 

C/100 

Cl:  299 

Dl: 132 

discharge 

Deng  et  al. 

Active  material: 

1  M  LiPF6  in 

1.5— 4.8 

10  mAh  g  1 

Cl:  200 

Dl: 140 

<1  e  capacity 

[38] 

carbon  black:  PVDF 

EC:DMC 

( —  C/ 16) 

C5: 120 

D5: 100 

80:10:10 

CIO:  100 

DIO:  85 

Belharouak 

Active  :AB:  PVDF 

1.2  M  LiPF6  in 

1.5— 4.8 

10  mAh  g-1 

Coated: 

et  al.  [39] 

75:15:10 

3:7  v/v  EC:EMC 

( —  C/ 16) 

Cl:  190 

Dl: 135 

C5: 140 

D5: 130 

CIO:  125 

Milled: 

DIO:  120 

Cl: 175 

Dl: 115 

C5: 125 

D5: 120 

CIO:  105 

DIO:  100 

Liu  et  al. 

Active  :C:PVdF 

1  MLiPFe  in  1:1 

1.5— 4.8 

C/30 

Cl:  219 

Dl: 132 

[55] 

80:10:10 

v/v  EC:DMC 

0.1  C 

DIO:  108 

Dl: 126 

DIO:  87 

0.5C 

Dl: 105 

DIO:  72 

Duncan 

Active:  Super 

1  M  LiPF6  in 

1. 8-4.6 

Not  given 

Pn: 

Very  similar 

et  al.  [32] 

S:graphite:PVDF 

3:7  EC:DEC 

Cl:  100 

Dl: 120 

performance  for  two 

80:5:5:10 

Pmn2\\ 

D5: 110 

DIO: 100 

different  polymorphs. 

Cl:  120 

Dl: 105 

D5: 100 

DIO:  97 

Li  et  al.  [37] 

Solution 

Active  :C:  PVDF 

1  M  UPF6/EC- 

1.5— 4.8 

5  mA  g  1 

Dl:  210 

1st  report  of  >1  e 

80:10:10 

DMC  1:1  wt% 

D5:  170 

DIO:  140 

capacity  on  discharge 

30  mA  g-1 

Dl:  180 

Capacity  loss  due  to 
amorphization 

150  mA  g-1 

Dl:  135 

Aravindan 

Solid  state 

Active  :ketjen 

1  M  LiPF6  in 

1.5— 4.8 

C/20 

As-prepared: 

Steep  discharge  curves 

et  al.  [42] 

black  :TAB 

EC:DMC  1:1  v/v 

Cl:  97 

Dl:  45 

with  no  plateau  region 

12:11:3 

C5:  50 

Heat  treated: 

D5:  30 

Very  high  carbon 

Cl: 110 

Dl: 100 

content 

C5:  105 

D5: 100 

CIO:  105 

DIO: 100 

Kojima 

Molten 

Active/C  mixture: 

1  M  LiPF6  in  EC/ 

1.5— 4.5 

10  mA  g-1 

Samples  from  hydroxides: 

Good  plateau,  low 

et  al.  [47] 

carbonate 

AB:PTFE  80:13:7 

DMC  1:1  v/v 

Cl:  170 

Dl: 155 

polarization,  40%  C  in 

flux 

C2: 160 

Dl: 150 

sample 

C5:  145 

D10: 120 

D5: 135 

Manthiram 

Hydrothermal 

Active  :C:PTFE 

1  M  LiPF6/EC- 

1.5— 4.7 

C/20a 

Room  temperature: 

>1  e  capacity 

et  al.  [44] 

75:20:5 

DMC  1:1 

Cl:  280b 

Dl:  210 

150  mAh  g-1  above 

C2:  250 

D2:  200 

2.5  V  at  room 

DIO:  150 

temperature  for  Dl 

55  °C: 

Very  rapid  decay  of 

Cl:  340 

Dl:  245 

capacity  at  55  °C 

C2: 260 

D2: 220 

DIO:  65 

Aravindan 

Active  :ketjen 

1  M  LiPF6  in 

1.5— 4.8 

C/20 

As-prepared  : 

Steep  discharge  curves 

et  al.  [46] 

black  :TAB 

EC:  DMC  1:1  v/v 

Cl:  97 

Dl:  45 

with  no  plateau  region. 

12:11:3 

C5:  50 

Heat  treated: 

D5:  30 

Very  high  carbon 

Cl: 110 

Dl: 100 

content. 

C5:  105 

D5: 100 

CIO:  105 

DIO:  100 

Kuezma 

Active  :AB:  PVDF 

1  M  LiBOB  in 

2.0— 4.5 

C/10 

Room  temp: 

Rapid  capacity  loss  at 

et  al.  [45] 

75:15:10 

EC:DEC  1:1  v/v 

Cl:  75 

Dl: 130 

50  °C  after  3  cycles 

C3:  200 

D3: 170 

( continued  on  next  page) 
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Table  3  ( continued ) 


Reference 

Method 

Electrode 

Electrolyte 

Voltage 

Current  rates 

Capacity  (mAh  g 

Comments 

formulation 

limits  (V) 

50  °C 

Cl:  250 

Dl:  250 

C3:  250 

D3:  250 

D5:  65 

Kempaiah 

PEDOT  coated 

1  M  LiC104 

1. 5-4.5 

C/20 

Room  temp: 

Steep  discharge  curves. 

et  al.  [48] 

active  :AB:PTFE 

EC:DEC  1/1  v/v 

Cl:  280 

Dl:  280 

No  plateau  region.  Most 

83:10:7 

40  °C 

D2:  200 

D5: 180 

D20:  140 

capacity  below  2.5  V 

Cl:  300 

Dl: 300 

C2:  290 

D2: 280 

D5: 275 

D20: 230 

Rangappa 

PEDOT  coated 

1  M  LiC104 

In 

1 

bo 

C/50 

Room  temp: 

Only  75  mAh  g-1  above 

et  al.  [50] 

active  :AB:PTFE 

EC:DEC  1/1  v/v 

Cl: 150 

Dl: 130 

2.5  V  at  room  temp. 

85:10:5 

C2: 190 

45  °C 

D2: 210 

Rapid  decay  in  capacity 

Cl:  350 

Dl:  350 

after  20  cycles 

C2: 350 

D2:  350 

D10:  300 
D20:  300 

Devaraju 

PEDOT  coated 

1  M  LiC104  in 

Ln 

I 

bo 

0.05C 

2-step  discharge 

et  al.  [51] 

active  material 
(10  wt.%):  carbon: 
PTFE 

a)  Monodisperse 

EC/DEC  1/1  v/v 

a)  Cl:  300 

Dl: 300 

~  140  mAh  g  1  above 

nanoparticles 

C3:  200 

D3: 200 

2.5  V  on  Dl 

75:18:7 

C5: 190 

D5: 190 

b)  30-50  nm 

b)  Cl:  300 

Dl:  225 

~125  mAh  g-1  above 

sized  particles 

C3:  300 

D3:  175 

2.5  V  on  Dl 
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Fig.  3.  Voltage  profiles  of  Li2MnSi04  cycled  at  room  temperature  and  at  a  rate  of  C/30. 
Reprinted  from  Ref.  [19]  copyright  (2006),  with  permission  from  Elsevier. 


gradual  loss  of  X-ray  peak  intensity  was  observed  as  the  degree  of  Li 
extraction  increased,  with  virtually  no  peaks  visible  for  x  >  1  in 
Li2-xMnSi04  and  no  recovery  of  peaks  after  the  1  st  discharge  cycle 
(Fig.  4)  [20].  This  indicated  significant,  irreversible  structural 
change  when  Li  was  extracted  on  the  1  st  charge  cycle  but  it  was 
noted  that,  even  after  the  loss  of  crystallinity,  the  product 
continued  to  cycle  with  a  capacity  greater  than  100  mAh  g-1.  These 
results  were  confirmed  by  the  parallel  study  of  Li  et  al.  [37]  and 
subsequent  in-situ  studies  by  Dominko  et  al.  [33]. 

The  tendency  for  the  structure  of  Li2-xMnSi04  to  collapse  when 
Li  was  extracted  was  investigated  using  DFT  simulations  by  Kokalj 
et  al.  [34].  It  was  found  that  the  volume  of  the  crystal  lattice  varied 
very  little  for  0  <  x  <  1  (less  than  2%)  but  dropped  dramatically  for 
x  >  1  with  a  AV  of  -17  and  -27%  for  Li0.5MnSiO4  and  MnSi04, 
respectively.  This  finding  was  taken  as  a  clear  indication  of  struc¬ 
tural  collapse  for  x  >  1,  in  agreement  with  the  findings  of  Dominko 
et  al.  [20]  and  Li  et  al.  [37].  TEM  observations  of  partially  charged 
cathodes  indicated  some  particles  that  were  crystalline  and  some 
particles  that  were  amorphous  and  this  was  interpreted  as  evi¬ 
dence  for  a  phase  separation  mechanism  for  Li  extraction  as  found 
in  LiFeP04  [34]. 
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Fig.  4.  X-ray  diffraction  patterns  of  compositions  obtained  with  electrochemical 
oxidation  of  Li2MnSi04-based  composites.  The  value  of  x  corresponds  to  expected 
chemical  composition  of  the  electrode  that  is  based  on  the  amount  of  charge  passed 
through  the  cell.  The  remaining  diffraction  peak  marked  with  asterisk  denotes  MnO 
impurity. 

Reprinted  from  Ref.  [20]  copyright  (2007),  with  permission  from  Elsevier. 


Deng  et  al.  [38]  published  a  study  of  Li2MnSi04  prepared  by  sol- 
gel  synthesis  using  TEOS  as  the  Si02  source  and  calcined  in  flowing 
Ar  at  700  °C.  The  product  was  indexed  with  the  orthorhombic 
Pmn2\  space  group;  although  no  detailed  structural  analysis  was 
undertaken.  The  grain  size  was  approximately  50  nm.  The  initial 
discharge  capacity  was  approximately  145  mAh  g-1  and  dropped 
off  rapidly  with  cycling.  The  cycling  results  confirmed  the  earlier 
findings  of  Dominko  et  al.  [20]  despite  the  significantly  higher 
charge  cut-off  voltage  of  4.8  V. 

Belharouak  et  al.  [39]  prepared  Li2MnSi04  by  a  sol-gel  route 
using  Li,  Mn  and  Si  acetates  in  acetic  acid  to  form  a  gel  product. 
After  drying  at  100  °C,  the  gel  was  heated  to  600,  700  and  800  °C  for 
24  h  under  He/H2  (3.5  vol.%)  gas  flow.  Cellulose  was  added  to  the 
reaction  mixture  as  a  carbon  source  leading  to  a  final  carbon  con¬ 
tent  of  7  wt.%  in  the  products.  The  optimum  synthesis  temperature 
to  minimize  impurities  and  produce  Pmn2\  form  Li2MnSi04  was 
found  to  be  700  °C.  Samples  consisted  of  micron  sized  aggregates  of 
100-200  nm  primary  particles  after  preparation  and  samples  were 
milled  for  4  h  in  a  ball-mill  to  reduce  the  size  of  the  particles  and 
improve  electrochemical  activity.  While  the  as-prepared  sample 
showed  very  poor  electrochemical  performance,  the  carbon-coated 
and  ball-milled  samples  showed  improved  performance  of  190  and 
135  mAh  g'1  and  172  and  155  mAh  g  1  for  the  first  charge  and 
discharge  capacities  respectively  (Fig.  5).  Once  again  rapid  capacity 
fade  with  cycling  was  observed  and,  after  15  cycles,  only  98  and 
79  mAh  g-1  discharge  capacity  was  retained  for  the  carbon-coated 
and  ball-milled  samples  respectively. 

A  similar  study  using  adipic  acid  as  the  carbon  source  was 
published  by  Aravindan  et  al.  [40]  with  dispersed  25-30  nm  par¬ 
ticles  of  Li2MnSi04  and  residual  carbon  from  the  synthesis.  The 
initial  discharge  capacities  reported  were  161  mAh  g-1,  dropping  to 
120  mAh  g-1  after  50  cycles,  with  steeply  sloping  discharge  curves 
over  the  entire  voltage  range  of  1.5-4.8  V. 

In  2009  Dominko  et  al.  [41  performed  an  in-situ  XAS  study  to 
examine  the  oxidation  state  of  Mn  as  a  function  of  state  of  charge 
(orthorhombic  Pmn2\  structural  form  83  wt.%,  15  wt.%  MnO  and 
1.9  wt.%  Li2Si03).  In-situ  XANES  measurements  showed  that,  at 
4.5  V,  only  60%  of  the  Mn2+  had  been  oxidized  to  Mn3+,  that  is,  only 
0.6Li’s  had  been  extracted  from  the  structure.  After  discharging,  all 
the  Mn  was  found  to  be  in  the  2+  state,  as  found  for  the  starting 
material,  but  XAFS  measurements  indicated  that  the  local 


Fig.  5.  Voltage  profiles  of  (a)  as-prepared  Li2MnSi04,  (b)  carbon-coated  Li2MnSi04,  and 
(c)  high-energy  ball-milled  Li2MnSi04. 

Reprinted  with  permission  from  Ref.  [39]  copyright  (2009)  American  Chemical  Society. 

environment  around  the  Mn  cations  was  not  completely  reversible 
with  cycling  implying  some  irreversible  structural  change.  The 
authors  therefore  found  no  evidence  for  >1  Li  extraction  on  charge 
and  confirmed  that  some  alteration  in  the  crystal  structure 
occurred  when  the  sample  was  charged. 

In  summary,  results  from  this  series  of  studies  show  that, 
despite  the  high  theoretical  capacities  predicted,  orthorhombic 
Li2MnSi04  with  the  Pvnn2\  structural  form,  did  not  perform  as 
hoped.  Initially  this  was  believed  to  be  due  to  the  very  low  elec¬ 
tronic  conductivity  of  the  material.  This  explanation  was  soon 
dismissed,  however,  as,  even  after  reduction  of  particle  sizes  to  the 
range  of  20-30  nm,  and  coating  with  carbon,  the  electrochemical 
performance  remained  disappointing.  In  fact,  XAS  results  indicated 
that  <lLi  was  extracted  from  Li2MnSi04  on  charge,  and  the  in¬ 
tensities  of  X-ray  diffraction  peaks  dropped  off  rapidly  when 
samples  were  delithiated  electrochemically.  This  evidence  of  dra¬ 
matic  structural  change  was  confirmed  by  evidence  of  a  change  in 
crystallographic  environment  around  the  metal  cations  after 
cycling  given  by  both  NMR  and  EXAFS  data. 

3.2.  Ion  exchange  and  the  Pn  structural  form 

In  2011  Duncan  et  al.  [32]  used  an  ion-exchange  route  to  prepare 
the  novel  monoclinic  Pn  form  of  Li2MnSi04.  The  motivation  for  this 
study  was  the  hope  that  the  monoclinic  form,  with  its  three- 
dimensional  framework  structure,  would  be  more  stable  to 
lithium  extraction  than  the  two-dimensional  orthorhombic  Pmn2\ 
structure  examined  in  earlier  studies.  The  Pn  form  of  Li2MnSi04  was 
found  to  be  metastable,  transforming  to  the  Pmn2\  form  when 
heated  at  300  °C,  preventing  conventional  carbon-coating.  The 
electrochemical  cycling  results  for  the  Pn  form  were  very  similar  to 
those  of  the  well-known  Pmn2\  form  (Fig.  6).  Capacity  fade  was 
comparable  for  both  forms,  with  65  and  70  mAh  g-1  for  the  Pn  and 
Pmn2\  forms  respectively  after  50  cycles.  This  was  contrary  to  the 
expectation  that,  when  Li  is  extracted,  the  framework  structure  of 
the  delithiated  Pn  form  would  be  more  stable  than  the  delithiated, 
layered  Pmn2\  form. 
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Fig.  6.  Charge-discharge  profile  of  Pmn2\  (black  line)  and  Pn  (red  dashed  line) 
Li2MnSi04.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the 
reader  is  referred  to  the  web  version  of  this  article.) 

Reprinted  with  permission  from  Ref.  [32]  Copyright  (2011)  American  Chemical  Society. 

3.3.  Solid  state  synthesis  and  the  Pmnb  form 

Solid  state  synthesis  was  used  by  Aravindan  et  al.  [42]  to  pro¬ 
duce  Li2MnSi04  from  LiOHH20,  Si02  and  MnC03  precursors  with 
20  mol%  adipic  acid  as  carbon  additive  and  calcination  at  900  °C  in 
Ar.  Particles  were  large  (>0.5  pm)  as  typically  found  for  this  solid 
state  technique.  It  was  shown  that,  when  the  carbon  content  in  the 
cathode  mix  was  increased  to  42%  of  the  cathode  mass,  a  reversible 
capacity  of  approximately  130  mAh  g-1  was  achieved  and  retained 
for  40  cycles.  The  good  reversibility  was  attributed  to  retention  of 
the  crystal  structure  with  cycling. 

It  is  worth  noting  that,  in  the  light  of  the  current  knowledge  of 
the  different  polymorphs  of  L^MnSiCU,  there  appear  to  be  some 
inconsistencies  in  the  interpretation  of  the  XRD  data  reported  in 
this  paper.  While  no  detailed  structural  analysis  of  the  product  was 
performed,  the  product  was  indexed  to  the  Pmn2\  structural  form 
ofLi2MnSi04,  with  minor  impurities  of  MnO  and  L^SiC^.  There  was, 
however,  a  significant  peak  at  31°  26  (Cu  Ka  radiation)  in  the  XRD 
spectrum  of  the  product,  inconsistent  with  the  Pmn2\  structural 
form.  In  addition,  no  detailed  analysis  of  the  XRD  pattern  of  the 
cycled  product  was  performed,  so  the  claim  that  the  good  cycling 
performance  of  the  product  was  due  to  retention  of  the  structure 
with  cycling,  cannot  be  substantiated.  Further,  the  shape  of  the 
discharge  curves  for  the  samples  with  high  carbon  content  also 
only  showed  about  80  mAh  g-1  capacity  above  2.5  V  with  a  small 
plateau  at  4.3  V  followed  by  a  steeply  sloping  voltage  curve  over  the 
rest  of  the  capacity  range  (Fig.  7). 

A  subsequent  study  by  Gummow  et  al.  [28]  showed,  with 
simultaneous  Rietveld  refinement  of  neutron  and  XRD  data,  that  a 
product  produced  by  solid  state  synthesis  under  the  same  condi¬ 
tions  used  by  Aravindan  et  al.  [42]  was  in  fact  single-phase,  Pmnb 
form  Li2MnSi04  with  the  characteristic  identifying  peak  at  31°  26 
(Cu  Ka  radiation).  This  study  demonstrated  that  the  Pmnb  form  had 
limited  electrochemical  activity  due  to  the  large  particle  size  of  the 
product  (50  pm).  In  a  subsequent  study  of  ball-milled  Pmnb  ma¬ 
terial  [43],  an  initial  discharge  capacity  of  113  mAh  g-1  was  ob¬ 
tained  for  the  Pmnb  form,  and,  although  the  capacity  dropped  off 
rapidly  initially,  the  introduction  of  a  constant  voltage  hold  at  the 
end  of  the  charge  cycle  improved  the  capacity  retention  somewhat. 
The  shape  of  the  discharge  curves  was  steeply  sloping  with  no  well- 


Fig.  7.  Electrochemical  performance  of  Li/Li2MnSi04  cells  at  room  temperature  con¬ 
ditions,  (a)  initial  discharge  traces  of  Li/Li2MnSi04  cells  containing  various  amounts  of 
carbon  and  (b)  cycling  profiles  of  Li/Li2MnSi04  cells  comprising  different  ratios  of 
carbon  (AM:  active  material  (Li2MnSi04),  KB:  ketjen  black,  TAB:  teflonized  acetylene 
black). 

Reprinted  from  Ref.  [42]  with  permission  of  The  Royal  Society  of  Chemistry. 

defined  plateau.  Selected  area  electron  diffraction  data  (SAED)  of 
charged  cathodes  showed  that  some  particles  of  charged  material 
retained  their  crystallinity  while  other  particles  amorphized  [43]  as 
seen  earlier  for  the  Pmn2\  form  by  other  investigators  [34]. 

3.4.  Mg  substitution  and  the  P2\/n  monoclinic  structural  form 

As  stated  earlier,  the  monoclinic  forms  of  Li2MnSi04  are  ex¬ 
pected  to  have  different  electrochemical  properties  compared  to 
the  orthorhombic  forms.  The  P2\\n  form  of  L^MnSiC^  was  first 
prepared  by  Politaev  et  al.  [29]  by  solid  state  synthesis  at  1150  °C 
in  Ar  atmosphere.  Initial  electrochemical  evaluation  of  this 
polymorph  showed  that  it  was  essentially  electrochemically 
inactive.  This  result  is  not  surprising  considering  that  the  par¬ 
ticles  were  large,  as  a  result  of  the  high  synthesis  temperature, 
and  the  fact  that  no  carbon  additives  were  included  in  the 
synthesis. 
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Gummow  et  al.  [31  showed  that  partial  Mg  substitution  for  Mn 
in  Li2MnSi04  led  to  stabilization  of  the  P2i/n  form  at  lower  tem¬ 
peratures  than  for  unsubstituted  L^MnSiC^.  When  40  or  50%  of  the 
Mn  was  substituted  with  Mg,  the  P2i/n  structural  form  could  be 
prepared  at  a  calcination  temperature  of  only  700  °C  by  solid  state 
synthesis.  The  electrochemical  activity  of  the  P2i/n  form  was 
demonstrated  in  this  study  although  the  physical  form  of  the 
product  was  still  not  ideal  for  optimum  electrochemical 
performance. 


3.5.  Hydrothermal  synthesis 

Hydrothermal  synthesis  of  Li2MnSi04  polymorphs  was  first  re¬ 
ported  by  Mali  et  al.  [30]  with  three  different  polymorphs  (Pmn2i, 
Pmnb  and  P2i/n)  successfully  isolated  by  varying  the  preparation 
conditions.  This  study,  however,  focussed  on  structural  character¬ 
ization  and  NMR  spectroscopy  of  the  three  different  forms.  No 
cycling  data  was  presented. 

Manthiram  et  al.  [44  used  a  microwave-assisted,  hydrothermal 
method  to  synthesize  L^MnSiCU  at  300  °C  and  30  b  pressure  for 
25  min  at  600  W.  A  carbon-coated  sample  (12  wt.%  C)  was  prepared 
with  the  addition  of  30  wt.%  sucrose  and  calcination  in  Ar  at  650  °C 
for  6  h.  The  powder  XRD  patterns  were  indexed  in  the  P2i  space 
group  but  no  Rietveld  analysis  was  performed  to  confirm  this 
structural  designation.  Particles  were  20  nm  in  diameter  and 
agglomerated,  with  a  layer  of  amorphous  carbon  on  the  surface  of 
the  agglomerates.  When  cycled  at  C/20,  L^MnSiCU/C  delivered  a 
high  first  discharge  capacity  of  210  mAh  g-1  at  room  temperature 
suggesting  that  >1  Li-ion  per  formula  unit  could  be  utilized 
reversibly  (Fig.  8).  As  found  in  earlier  studies,  the  voltage  profile  on 
charge  changed  after  the  first  charge  cycle  suggesting  a  structural 
change.  At  55  °C,  there  was  a  reduction  in  polarization  and  a  higher 
discharge  capacity  on  cycling  (250  mAh  g-1  on  the  first  discharge). 
Capacity  retention  with  cycling  was,  however,  found  to  be  poor, 
especially  at  55  °C.  After  20  cycles  only  50%  capacity  was  retained  at 
room  temperature  and  only  15%  at  55  °C  (Fig.  9).  The  capacity  fade 
was  attributed  to  the  Jahn-Teller  distortion  of  Mn3+  cations  and 
the  dissolution  of  Mn  in  the  electrolytes,  as  found  for  Mn  oxide 
spinels,  as  well  as  possible  amorphization,  although  no  structural 
analysis  of  charged  or  cycled  cathodes  was  reported.  A  DSC  analysis 
of  cathodes  charged  to  4.7  V  showed  a  significantly  higher  heat  flow 
(1060  J  g-1)  for  Li2_xMnSi04  than  for  similarly  prepared  Li2_xFeSi04 
(330  J  g-1).  This  was  attributed  to  the  higher  content  of  transition 
metal  cations  in  the  4+  state  in  the  Mn  compound. 


Fig.  8.  Charge-discharge  profiles  recorded  at  C/20  rate  and  room  temperature  of 
Li2MnSi04/C 

Reprinted  with  permission  from  Ref.  [44].  Copyright  (2010)  American  Chemical 
Society. 
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Fig.  9.  Cyclability  data  of  Li2FeSi04/C  and  Li2MnSi04/C  at  (a)  25  °C  and  (b)  55  °C. 
Reprinted  with  permission  from  Ref.  [44].  Copyright  (2010)  American  Chemical 
Society. 

Microwave-assisted  solvothermal  synthesis  of  L^MnSiCH  was 
also  reported  by  Kuezma  et  al.  [45]  using  microwave  irradiation  of 
LiOH  H20,  Mn(CH3C00)2  -4H20  and  tetraethyl  orthosilicate  (TEOS) 
with  urea  as  catalyst  in  ethylene  glycol  at  1000  W  for  2  h  at  260  °C. 
After  washing,  glucono-1, 5-lactone  or  citric  acid  was  added  and  the 
mixed  product  was  calcined  at  700  °C  for  5  h.  The  XRD  patterns  of 
the  products  showed  broad  peaks.  The  as-prepared  sample  was 
indexed  as  the  Pmn2\  polymorph  while  the  2  carbon-coated  sam¬ 
ples  were  indexed  in  the  P2i/n  space  group.  No  detailed  Rietveld 
refinement  was  reported  and  further  structural  analysis  is  required 
to  confirm  these  structural  designations  especially  as  some  char¬ 
acteristic  reflections  of  the  assigned  polymorphs  are  absent  in  the 
reported  XRD  patterns.  In  particular  the  characteristic  peaks  of  the 
P2i/n  polymorph  for  21  <  2 6  <  23  (see  Fig.  2)  were  not  present  for 
the  carbon-coated  samples.  Particles  sizes  were  of  the  order  of  15— 
100  nm  for  carbon-coated  samples  as  determined  from  SEM  and 
TEM  images.  The  best  electrochemical  results  were  reported  for 
high  citric  acid  content  which  gave  a  C-loading  of  31.7  wt.%  and 
resulted  in  first  discharge  capacities  of  130  mAh  g_1  at  room 
temperature  and  260  mAh  g-1  at  50  °C  with  an  extended  voltage 
plateau  at  ~2.7  V  (Fig.  10).  The  polarization  (difference  between 
the  charge  and  discharge  voltages)  was  much  larger  for  the  samples 
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Fig.  10.  Electrochemical  performance  for  LMS-5CA  at  room  temperature  (black  curve)  and  at  elevated  temperature  50  °C  (red  curve).  (For  interpretation  of  the  references  to  colour 
in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 

Reproduced  from  Ref.  [45]  with  permission  of  The  Royal  Society  of  Chemistry. 


in  this  study  than  for  previously  reported  samples  synthesized 
hydrothermally.  In  addition,  the  high  capacity  was  only  observed  in 
the  first  few  cycles  and  decreased  drastically  after  the  4th  cycle.  XPS 
data  of  the  as-prepared,  fully  charged  (4.8  V)  and  discharged  (2  V) 
samples  showed  that  the  oxidation  state  of  the  Mn  cations,  at  least 
at  the  surface,  changed  from  the  2+  to  the  4+  state  when  the 
sample  was  fully  charged.  This  is  evidence  for  the  extraction  of 
more  than  one  Li  per  formula  unit  from  at  least  some  of  the  Mn 
cations  in  the  Li2MnSi04  sample  when  fully  charged.  After 
discharge,  the  Mn  was  reduced,  although  the  reduction  to  Mn2+ 
was  not  complete. 

Hydrothermal  synthesis  was  also  reported  by  Aravindan  et  al. 
[46],  but,  in  this  case,  adipic  acid  was  added  as  the  carbon  source 
with  calcination  at  700  °C  to  carbon  coat  the  surface.  The  XRD 
pattern  was  indexed  in  the  Pmn2\  space  group  with  minor  impu¬ 
rities  of  LhSiOs  (before  heat-treatment)  and  MnO  (after  heat- 
treatment).  SEM  micrographs  showed  a  flower-like  morphology 
of  agglomerated  nanoparticles.  The  material,  after  calcination  at 
700  °C,  cycled  reversibly  in  half-cells  at  C/20  with  a  capacity  of 
100  mAh  g-1  for  40  cycles.  It  should  be  noted,  however,  that  these 
electrodes  were  assembled  with  a  ratio  of  almost  1:1  active 
material :ketjen  black.  This  is  impractical  in  applications  as  it  would 
severely  reduce  the  volumetric  energy  density  of  the  cathodes. 
Further,  no  XRD  analysis  of  cycled  cathodes  was  performed  so  it  is 
not  known  if  the  crystallinity  of  the  samples  was  retained  with 
cycling. 


3.6.  Molten  carbonate  flux  synthesis 

Kojima  et  al.  [47]  reported  the  use  of  a  molten  carbonate  flux 
method  for  the  production  of  single  phase  Li2MnSi04.  Single-phase 
products  which  were  refined  in  the  Pmn2\  space  group  symmetry 
were  produced  using  either  MnC204  •  2H2O  or  Mn(OH)2  with  L^SiCU 
and  (Lio.435  Nao.3i5Ko.25)2C03  under  CO2/H2 100:3  v/v  at  500—650  °C 
indicating  that  this  method  could  significantly  lower  the  synthesis 
temperature  required  to  produce  single  phase  material  compared  to 
other  techniques  such  as  sol-gel  or  solid  state  synthesis.  The  nature 
of  the  manganese  precursor  was  found  to  affect  the  morphology  of 
the  product  phase  calcined  at  500  °C;  a  sample  prepared  from 
manganese  oxalate  had  aggregated  flake-like  particles  with  particle 
size  of  200-600  nm,  whereas  the  sample  prepared  from  Mn(OH)2 
consisted  of  needle  like  particles  with  a  size  of  100-300  nm.  The 
electrochemical  performance  of  the  two  samples  (Fig.  11)  reflected 
this  difference  in  morphology,  with  the  Mn(OH)2  sample  giving  50% 


higher  initial  discharge  capacity  of  156  mAh  g-1  compared  with 
96  mAh  g-1  for  the  sample  prepared  from  manganese  oxalate  pre¬ 
cursors  with  capacity  retention  of  55%  and  37%  respectively  after 
20  cycles.  It  should  be  noted  that,  to  compensate  for  the  very  low 
conductivity  of  Li2MnSi04, 40  wt.%  acetylene  black  was  used  in  the 
preparation  of  the  electrodes  in  this  study. 

3.7.  Methods  that  fine-tune  morphology  for  optimal  performance 

Using  a  supercritical  solvothermal  method,  Kempaiah  et  al.  [48] 
successfully  prepared  single  phase  L^MnSiCH  with  the  Pmn2\ 
structural  form.  Synthesis  was  performed  at  the  low  temperature  of 
300  °C  and  elevated  pressure  (38  MPa).  After  ball-milling  with  a 
conductive  polymer  (PEDOT),  the  sample  was  heated  to  300  °C  in 
Ar/H2  and  vacuum  dried  at  100  °C.  The  product  consisted  of 
monodisperse  spherical  particles  5—20  nm  in  diameter  with 
13  wt.%  carbon  coating  (determined  by  TGA)  (Fig.  12).  The  capac¬ 
ities  reported  for  charging  and  discharging  electrochemical  cells 
were  excellent,  approaching  the  theoretical  2e  capacity  of 


Fig.  11.  Charge-discharge  curves  of  the  Li2MnSi04  synthesized  from  (a)  MnC204-2H20 
(LMS-MCO)  and  (b)  manganese  hydroxide  (LMS-MOH)  at  30  °C  with  a  current 
density  of  10  mA  g-1  in  the  voltage  range  of  1. 5-4.5  V. 

Reproduced  from  Ref.  [47]  by  permission  of  The  Electrochemical  Society. 
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Fig.  12.  (a)  and  (b)  TEM  and  HRTEM  images  of  as-synthesized  Li2MnSi04  and  PED0T/Li2MnSi04  nanoparticles,  (c)  particle  size  distribution  and  (d)  HRTEM  image  showing  PEDOT- 
coated  Li2MnSi04  nanoparticles. 

Reproduced  from  Ref.  [48]  with  permission  of  The  Royal  Society  of  Chemistry. 


Fig.  13.  Charge-discharge  profiles  (a  and  b)  and  cyclic  performance  (c  and  d)  of  PED0T/Li2MnSi04  nanoparticles  recorded  at  C/20  in  room  temperature  (a  and  c)  and  at  40  °C  (b  and 
d),  respectively. 

Reprinted  from  Ref.  [48]  with  permission  of  The  Royal  Society  of  Chemistry. 
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333  mAh  g_1.  It  should  be  noted  that,  contrary  to  expectation,  XPS 
data  of  cathodes  charged  to  4.5  V  show  a  large  proportion  of  Mn3+. 
This  suggests  that  much  of  the  recorded  charge  capacity  may  be 
due  to  side  reactions  and  electrolyte  decomposition  rather  than  to 
lithium  extraction.  The  discharge  curves  at  room  temperature 
showed  large  polarization  and  a  steeply  sloping  discharge  curve 
with  only  about  80  mAh  g-1  capacity  above  2.5  V  on  the  first 
discharge  cycle  and  no  clear  plateau  region  in  the  discharge  curve 
(Fig.  13).  Although  the  polarization  was  reduced  slightly  at  40  °C,  no 
significant  plateau  was  observed  above  2.5  V  with  only 
180  mAh  g  1  capacity  observed  above  2.5  V. 

Kawase  et  al.  [49]  reported  the  use  of  a  mesoporous  carbon 
matrix  (CMK-3  and  CMK-8)  with  particles  of  Li2MnSi04  deposited 
in  the  mesopores  as  a  means  to  enhance  the  electronic  conductivity 
of  the  composite  cathode  material.  Examination  of  the  XRD  pat¬ 
terns  of  these  materials  (Supplementary  information  [49])  show 
that  the  samples  contained  major  impurities  of  MnO  and  the  peaks 
attributed  to  Li2MnSi04  are  very  poorly  defined.  Galvanostatic 
cycling  curves  were  recorded  at  0.1  C  (60  mA  g-1)  for  samples  with 
various  loadings  of  active  material  in  the  carbon  matrix.  Although 
discharge  capacities  of  up  to  400  mAh  g_1  were  reported,  the  lower 
limit  of  the  voltage  range  for  the  cell-cycling  was  1.0  V  with  up  to 
40%  of  the  reported  capacity  below  1.5  V.  It  is  considered  unlikely 
that  the  observed  capacity  below  1.5  V  can  be  attributed  to  lithium 
insertion  into  Li2MnSi04. 

Nanosheet  morphology  has  attracted  much  attention  because  of 
the  unique  properties  of  materials  like  graphene.  It  was  also  ex¬ 
pected  that  this  morphology  would  help  to  overcome  the  problems 
of  lattice  instability  as  a  result  of  structural  and  volume  change,  and 
also  enhance  kinetics  because  of  the  very  short  lithium  ion  diffu¬ 
sion  distances.  Rangappa  et  al.  [50]  used  a  supercritical  fluid 
technique  to  produce  samples  that  consisted  primarily  of  nano¬ 
sheets  of  Li2MnSi04  several  atoms  thick  and  with  lateral  di¬ 
mensions  of  100-300  nm.  The  XRD  patterns  of  the  nanosheet 
Li2MnSi04  were  assigned  to  the  P2i/n  polymorph  of  Li2MnSi04,  but 
several  major  peaks  of  unidentified  impurity  phases  were  present 
which  means  that  the  composition  of  the  active  material  was  not 
well  defined.  Very  high  capacities,  initially  exceeding  the  theoret¬ 
ical  2  electron  capacity,  were  recorded  for  20  cycles  at  45  °C 
(Fig.  14).  The  capacity  was  reported  to  drop  dramatically  thereafter. 
XRD  patterns  of  the  cathodes,  after  cycling  for  20  cycles,  showed  no 
peaks  of  the  initial  phase,  indicating  structural  collapse  after 
20  cycles  despite  the  nanosheet  morphology. 

Recent  work  by  Devaraju  et  al.  [51  ]  has  shown  that  a  wide  range 
of  particle  sizes  and  morphologies  can  be  prepared  using  super¬ 
critical  fluid  synthesis  and  surfactants.  After  carbon  coating  using 


conducting  polymers  (PEDOT)  and  carbon  black  and  heating  to 
450  °C  for  5  h,  the  electrochemical  performance  of  the  materials 
was  good.  It  should  be  noted,  however,  that  the  XRD  patterns  given 
for  nanoparticles  >30  nm  in  size  showed  major  MnO  impurity 
peaks.  The  results  reported  for  hierarchical  nanoparticles,  in 
particular,  showed  stable  high  capacity  over  50  cycles 
(240  mAh  g-1).  Unfortunately  only  approximately  75  mAh  g-1  of 
the  discharge  capacity  was  above  2.5  V  making  it  very  unlikely  that 
all  the  discharge  capacity  was  due  to  Li  ion  insertion  (Fig.  15). 

Zhao  et  al.  [52]  have  reported  long  cycle  life  for  20-60  nm 
Li2MnSi04  cathode  particles  coated  with  carbon  and  distributed  on 
reduced  graphene  oxide  networks.  Synthesis  was  performed  using 
a  reduced  graphene  oxide-Si02  composite  as  a  template  and 
combining  the  template  with  lithium  acetate  dehydrate,  manga¬ 
nese  acetate  tetrahydrate  and  citric  acid,  as  a  carbon  source,  in 
aqueous  solution.  After  drying  and  grinding,  the  mixture  was 
calcined  at  400  °C  for  3  h,  followed  by  800  °C  for  10  h  in  Argon  and 
produced  a  Li2MnSi04  product  (Pmn2i  form)  with  a  minor  MnO 
impurity.  At  low  current  rates  (0.05C)  the  discharge  capacity  was 
reported  to  be  290  mAh  g_1  between  4.7  and  1.5  V,  with  about 
140  mAh  g-1  recorded  above  2.5  V.  High  rate  performance  of 
~  150  mAh  g-1  at  1C  was  reported  with  good  capacity  retention  for 
700  cycles  52]. 

In  summary,  although  recent  studies  of  nanostructured  samples 
have  produced  high  capacities,  there  remain  some  concerns  with 
these  results.  In  many  cases,  the  Li2MnSi04  phase  that  was  believed 
to  be  responsible  for  the  observed  electrochemical  capacity,  was 
not  well-defined  in  the  experimental  XRD  patterns  (see,  for 
example,  Fig.  16)  and  other,  unidentified  major  impurity  phases 
were  also  present.  Further  detailed  structural  analysis  of  these 
materials  is  required  to  fully  identify  the  electrochemically  active 
species.  Another  major  concern  is  the  very  large  polarization 
observed  in  the  electrochemical  cycling  data  (i.e.  the  large  voltage 
difference  between  charge  and  discharge  voltage).  In  several  cases 
the  discharge  voltage  dropped  very  steeply  with  increasing  ca¬ 
pacity  with  the  average  discharge  voltage  well  below  2.5  V.  Addi¬ 
tionally,  although  large  capacities  were  recorded  initially,  there  was 
typically  a  very  rapid  drop  in  capacity  after  the  first  few  cycles 
(Fig.  16). 

3.8.  Partial  substitution  ofFe  cations  for  Mn 

DFT  calculations  indicated  that,  although,  Li2MnSi04  structures 
(Pmn2i  structural  form)  were  predicted  to  collapse  when  Li  was 
extracted,  the  substituted  compounds  with  general  formula 
Li2Mno.5Feo.5Si04  were  predicted  to  remain  stable  for  the 


Fig.  14.  Charge  and  discharge  profile  of  first  and  second  cycles,  (a)  Li2MnSi04  samples  measured  at  45  °C  temperatures  at  0.02C  rates,  (b)  The  cyclic  performance  of  Li2MnSi04 
samples. 

Reprinted  with  permission  from  Ref.  [50].  Copyright  (2012)  American  Chemical  Society. 
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Fig.  15.  Charge-discharge  characteristics  of  Li2MnSi04  positive  electrode  materials  and  cycle  performance  measured  at  room  temperature  with  0.05  C.  (a)  Charge-discharge  curves 
of  monodisperse  nanoparticles  showing  typical  2-step  discharge  profiles,  (b)  charge-discharge  curves  of  hierarchical  nanostructures  showing  a  gentle  slope-like  discharge  profile 
and  nearly  two  lithium  ion  capacity  for  the  first  cycle  and  more  than  one  lithium  capacity  for  the  3rd  and  5th  cycles,  (c)  charge-discharge  curves  of  30-50  nm  sized  particles,  with 
more  than  one  lithium  capacity  for  the  1st  and  3rd  cycles  and  nearly  one  lithium  ion  capacity  for  the  5th  cycle,  and  (d)  the  cycle  performance.  The  hierarchical  nanostructures 
showed  excellent  cycling  performance  with  a  stable  capacity  up  to  50  cycles;  monodisperse  particles  showed  a  decrease  in  cycle  performance  after  a  few  cycles  due  to  detachment 
from  the  carbon  source;  30-50  nm  sized  particles  showed  decent  cycle  performance. 

Reprinted  from  Ref.  [51]  with  permission  of  The  Royal  Society  of  Chemistry. 


extraction  of  up  to  1.5Li  atoms  per  formula  unit  [34].  Partial  Fe 
substitution  for  Mn  was  therefore  proposed  as  a  possible  route  to 
improve  the  stability  of  Li2MnSi04.  Solid  solutions  with  general 
formula  Li2(Fei_xMnx)Si04  (x  =  0.3,  0.5,  0.7,  1)  were  formed  by 
Deng  [53].  It  was  found  that  Mn  substitution  into  Li2FeSi04 
resulted  in  higher  redox  potentials  than  in  pure  Li2FeSi04  and  a 
slightly  larger  first  discharge  capacity,  but  the  electrochemical 
reversibility  and  cycle  stability  was  inferior  to  pure  Li2FeSi04, 


2  Theta  (degree) 

Fig.  16.  XRD  pattern  of  Li2MnSi04  sample  synthesized  by  supercritical  fluid  process  at 
400  °C  temperature  for  10  min  reaction  time. 

Reprinted  with  permission  from  Ref.  [50].  Copyright  (2012)  American  Chemical 
Society. 


although  better  than  that  of  pure  Li2MnSi04.  The  maximum  re¬ 
ported  discharge  capacity  for  LbMno.5Feo.5O4  was  165  mAh  g-1  for 
the  first  discharge  and  this  dropped  to  86  mAh  g-1  after  50  cycles. 
Similar  poor  reversibility  for  LbMno.5Feo.5O4  and  Li2Mno.2Feo.s04 
has  recently  been  observed  by  Chen  et  al.  and  attributed  to  the 
instability  of  the  Mn3+  cations  [54]. 

4.  Conclusions  and  future  prospects 

Li2MnSi04  remains  an  attractive  cathode  material  due  to  its 
low  cost,  environmentally  friendly  components  and  high  theo¬ 
retical  capacity.  Most  studies  to  date  have  focussed  on  the  Pmn2\ 
polymorph  of  Li2MnSi04  (Table  2)  even  though  this  form  suffers 
structural  collapse  when  Li  is  extracted.  Studies  using  sol-gel 
synthesis  [19,20,33,38,39,55]  and  molten  carbonate  flux  synthesis 
[47]  to  prepare  well-defined  Li2MnSiC>4  (Pmn2i  polymorph) 
consistently  showed  initial  room  temperature  discharge  capac¬ 
ities  of  approximately  120-155  mAh  g^1  (equivalent  to  insertion 
of  approximately  0.7-0.8Li’s  per  formula  unit)  at  ~C/20  with 
rapid  capacity  decay  with  cycling.  The  best  capacity  retention 
after  10  cycles  was  shown  by  the  carbon-coated  samples  of  Bel- 
harouak  et  al.  [39]  (89%  after  10  cycles).  In  contrast,  well-defined 
Li2MnSi04  (Pmn2i  polymorph)  samples  prepared  by  a  solution 
route  [37]  and  by  spray  pyrolysis  followed  by  wet  ball  milling  [56] 
gave  discharge  capacities  showing  insertion  of  more  than  1  Li  per 
formula  unit  (  210  mAh  g-1  for  the  first  discharge  capacity  at 
5  mA  g-1  (0.03C)  [37]  and  200  mAh  g-1  at  0.05C  =  C/20  [56] 
corresponding  to  ~1.3Li’s).  Consistent  with  other  reports,  the 
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capacity  retention  was  poor  and  the  samples  amorphized  with 
cycling. 

Some  attempts  to  deliberately  explore  other  structural  forms  of 
Li2MnSi04  have  been  made  [28,29,31,32,43],  but,  so  far,  these 
polymorphs  have  shown  poor  electrochemical  performance, 
comparable  to,  or  worse  than,  the  Pmn2\  form.  In  most  cases, 
however,  the  particle  size  and  carbon  coating  has  not  been  opti¬ 
mized  for  electrochemical  performance.  Further  study  of  other 
polymorphs  is  required  to  fully  determine  the  effect  of  structural 
form  on  electrochemical  properties  and  structural  stability  with 
delithiation. 

The  hydrothermal  and  microwave  hydrothermal  synthesis 
techniques  have  shown  the  most  success  in  producing  samples 
with  high  electrochemical  capacities  [44,48]  (Table  3).  In  several 
cases  the  phases  formed  have  been  assigned  to  polymorphs  of 
Li2MnSi04  different  to  Pmn2\  such  as  P2\  [44]  and  P2i/n  [45,50] 
but  these  structural  assignments  need  confirmation  with 
detailed  crystallographic  studies.  Further  understanding  of  the 
electrochemically  active  species  responsible  for  these  high  ca¬ 
pacities  is  needed,  as  well  as  an  understanding  of  the  mechanisms 
responsible  for  the  catastrophic  loss  of  electrochemical  capacity 
observed  in  some  samples  after  cycling.  It  should  also  be  noted 
that,  in  many  cases  (see  Table  3),  much  of  the  reported  capacity 
occurs  at  low  voltage  (<2.5  V)  which  would  lower  the  overall 
energy  density  of  the  cathode.  For  example,  if  we  calculate  the 
gravimetric  energy  density  of  the  best  performing  Li2MnSi04 
cathode  from  the  data  of  Devaraju  et  al.  (hierarchical  nano¬ 
particles)  [51]  with  a  voltage  of  ~2.2  V  at  50%  of  the  discharge 
capacity,  we  obtain  a  value  of  -450  Wh  kg-1  for  the  gravimetric 
energy  density,  and  -  550  Wh  kg-1  for  the  room  temperature  data 
of  Manthiram  et  al.  [44]  with  a  voltage  at  50%  of  the  discharge 
capacity  of  -3.0  V.  This  can  be  compared  with  the  values  of 
560  Wh  kg-1  for  LiFePC^  and  500  Wh  kg-1  for  LiCo02.  The  lower 
value  obtained  for  the  sample  from  the  study  of  Devaraju  et  al.  [51  ] 
is  a  consequence  of  the  lower  average  voltage  compared  with  the 
data  of  Manthiram  et  al.  [44  .  When  the  volumetric  energy  density 
is  calculated,  using  the  true  density  for  each  compound,  the  value 
obtained  for  Li2MnSi04  is  a  relatively  low  1420  Wh  l-1  and 
1730  Wh  1_1  for  the  data  of  Devaraju  et  al.  [51]  and  Manthiram 
et  al.  [44],  respectively,  compared  to  LiFePCU  (2000  Wh  l-1)  and 
LiCo02  (2600  Wh  l-1).  The  gravimetric  energy  density  of  Li2Mn- 
Si04  samples  can  therefore  be  competitive  with  other  commonly 
used  materials.  The  relatively  low  volumetric  energy  density 
values  are  a  consequence  of  the  low  density  of  the  material  of 
3.15  g  cm-3  (for  the  Pmn2\  polymorph). 

To  date  results  for  Li2(Fei_xMnx)Si04  samples  have  been  disap¬ 
pointing,  but  mixed  transition  metal  silicates  still  offer  a  rich  area 
for  potential  future  exploration  analogous  to  the  mixed  transition 
metal  oxides  such  as  LiNii/3Mni/3Coi/302,  that  have  been  optimized 
to  improve  battery  cathode  performance  [18].  Recent  DFT  calcula¬ 
tions  have  shown  the  potential  of  the  multicomponent  Li2Mni/3Fei/ 
3Nii/3Si04,  for  example,  with  predicted  extraction  voltages  for  both 
the  1st  and  2nd  lithium  ions  at  around  4.2  V,  and  a  reduced  band 
gap  compared  to  single  component  systems,  which  should  lead  to 
higher  electronic  conductivity  [54].  The  calculations,  however,  also 
predict  that  structural  changes  will  occur  with  lithium  extraction 
from  this  multicomponent  silicate,  as  found  in  the  single  compo¬ 
nent  systems.  It  remains  to  be  seen  if  synthesis  of  this  material  is 
feasible  and  whether  structural  changes  compromise  the  electro¬ 
chemical  performance. 

Improvements  in  the  electrochemical  performance  of  Li2MnSi04 
cathodes  have  been  reported  recently,  but  reliable  performance, 
over  many  cycles,  remains  to  be  achieved.  Stabilization  of  the 
Li2MnSi04  structure  when  Li  is  extracted  is  required,  and 


interactions  with  the  electrolyte  need  to  be  minimized.  In  recent 
years,  novel  synthesis  methods  have  been  developed  to  engineer 
the  particle  size,  morphology  and  carbon-coating,  but  further  work 
is  required  to  clearly  define  the  chemical  composition  and  the 
structure  of  the  active  material  in  the  electrodes,  and  to  provide 
well-defined,  reliable,  high-performance  materials. 

Appendix  A.  Supplementary  data 

Supplementary  data  related  to  this  article  can  be  found  at  http:// 
dx.doi.org/10.1016/j.jpowsour.2013.11.082. 
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